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Abstract 
A prediction model for the folding defect in transitional region during local loading forming of titanium alloy large-scale rib-
web component was developed by the combination of finite element simulation, space-filling Maximin Latin hypercube designs 
method and back-propagation neural network. The FE model of local eigen model of transitional region during local loading 
forming of large-scale rib-web component was established based on DEFORM-2D and validated by physical experiment. The 
Maximin Latin hypercube designs method was applied to design uniform experimental schemes with geometrical conditions 
and reduction amounts as experimental variables. After simulations of the designed experiments, the back-propagation neural 
network was used to synthesize the data sets (results of folding defect). Finally, a prediction model was established for folding 
defect judgment in transitional region under various geometrical conditions and reduction amounts during local loading forming 
of large-scale rib-web components. The predicted results are quite consistent with the results obtained from FE simulation and 
experiment. 
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1. Introduction 
Titanium alloy large-scale integral components with thin web and high rib, complex shape (such as bulkhead) 
have attracted more and more applications in aerospace field to satisfy the demand of high performance and light 
* Corresponding author. Tel.: +86-29-88495632; fax: +86-29-88495632. 
E-mail address: gpf03@126.com 
 
 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Department of Materials Science and Engineering, Nagoya University
529 Pengfei Gao et al. /  Procedia Engineering  81 ( 2014 )  528 – 533 
weight. However, it is difficult to form these components due to the complexity in shape and the hard-working 
properties of material. The isothermal local loading forming technique, having the advantages of reducing forming 
load, enlarging forming size and enhancing forming limit and precision through control of unequal deformation, 
provides a new approach to form this component (Sun and Yang, 2009; Yang et al., 2011). However, in the local 
loading forming process, load is applied to part of the billet and the component is formed by changing loading zone, 
which leads to the material in transitional region undergoes large unequal plastic deformation and complex material 
flow which usually leads to folding defect, thus negatively affecting the geometry accuracy and performance of 
component. Therefore, it is necessary to develop a prediction model for the folding defect in transitional region for 
providing guidance for the product and process design in local loading forming of large-scale rib-web components. 
Up to date, some studies have been carried out on the forming quality in the isothermal local loading forming of 
titanium alloy large-scale rib-web component. Sun et al. (2009) studied the effect of die partition on the shift of 
unloading region and forming load in the local loading forming of large-scale component by FE simulation. Sun et 
al. (2012) studied the influences of processing parameters (forging mode, friction, partition positioning) on the 
unequal deformation and damage in the local loading forming of a large-scale TA15 alloy component. Fan et al. 
(2011) and Gao et al. (2011) investigated the microstructure evolution and processing-microstructure relationship 
of transitional region during the isothermal local loading of titanium alloy through an analogous experiment. 
However, the macroscopic forming quality of transitional region in local loading forming has not been paid enough 
attention in the informed researches. Therefore, further investigation is required to develop prediction model for the 
folding defect in transitional region, a key factor for the component, during the local loading forming of titanium 
alloy large-scale rib-web component. 
In this work, the FE model of local eigen model of transitional region during local loading forming of large-
scale rib-web component was established based on DEFORM-2D and validated by physical experiment. Then, the 
FE model was utilized to investigate the forming quality under different geometrical schemes and reduction 
amounts designed by the space-filling Maximin Latin hypercube designs. Subsequently, the back-propagation 
neural network was applied to synthesize the data sets obtained from the numerical simulations. Consequently, a 
prediction model can be built for folding defect judgment in transitional region under various geometrical 
conditions and reduction amounts during isothermal local loading forming of large-scale rib-web components. 
2. FE model of transitional region in isothermal local loading forming of large-scale component 
Based on the structural features of large-scale rib-web component, the FE model of transitional region 
partitioning at rib and containing the nearest rib to partition rib is established using DEFORM-2D, as shown in Fig. 
1. Since the metal flow along direction perpendicular to die partition boundary is main deformation, the influence 
of tangential deformation is neglected and the deformation in transitional region is simplified as a plane strain 
problem in this work. Same simplification was also conducted in the previous analysis on the deformation behavior 
of large-scale rib-web components and was confirmed reasonable (Zhang et al., 2012). The Lower die is kept 
integral, while the top die is separated into two parts: Top die 1 and Top die 2. The typical local loading process 
has two loading steps, which is implemented as follows. In the first loading step, a spacer block (the thickness of 
spacer block (Hsb) should be not less than the reduction amount (L)) is implanted between Top die 1 and the top die 
bed with Top die 1 protuberant, which makes the billet under Top die 1 deforms locally. In the second loading step, 
the spacer block is removed with Top die 1 and Top die 2 being at the same level. The structural features of 
transitional region model can be expressed by the following characteristic parameters: a01, a12, a23, a30, b1, b2, b3, 
billet height (H), and reduction amount (L). The fillet radius is 3mm in this work. As the isothermal local loading is 
performed under high temperature and low loading speed, the thermal events are neglected in FE model. The von 
Mises yielding criteria and shear friction model are employed. The local refined meshing and automatic remeshing 
techniques in DEFORM-2D are used to avoid meshing-induced singularity, which have also been adopted by 
Zhang et al. (2012). 
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Fig. 1. Sketch of FE model of transitional region in local loading forming of large-scale component (a) large-scale rib-web component; (b) 
eigen structure; (c) first loading-step of transitional region eigen model; (d) second loading step of transitional region eigen model. 
Two physical experiments using lead, Experiments 1 and 2, with different feature parameters were conducted to 
validate the FE model, as listed in Table 1. Fig. 2 and Table 1 show the experimental results and corresponding FE 
simulation results with material models of lead (Zhang et al., 2010) and TA15 alloy (Shen, 2007). In Table 1, Lfold 
denotes the folding length and D denotes the distance shown in Fig. 2. From Table 1 and Fig. 2, it can be found that 
the simulated results with different material models under different conditions (with or without folding) all closely 
match the experimental results, which suggest that the established FE model is reliable and applicable to predict the 
folding defect in transitional region during isothermal local loading forming of TA15 alloy component. 
 
Table 1. Feature parameters and forming results of two physical experiments. 
Experiment 1 Feature parameters (mm) a01=a30=25, a12=a23=60, b1=b2=b3=14, H=30, L=6, Hsb=6 
  Left rib (mm) Middle rib (mm) Right rib (mm)   
 Experiment 23.52 23.31 26.33   
 FE-lead 25.09 23.36 27.72   
 Error (%) 6.68 0.21 5.28   
Experiment 2 Feature parameters (mm) a01=a30=25, a12=a23=60, b1=b2=b3=14, H=30, L=9, Hsb=9 
  Left rib (mm) Middle rib (mm) Right rib (mm) L fold (mm) D (mm) 
 Experiment 39.66 36.46 47.1 1.85 11.3 
 FE-lead 41.49 38.01 45.16 1.92 12.1 
 Error (%) 4.61 4.25 4.12 3.78 7.08 
 
Fig. 2. Local loading formed sample of two experiments and corresponding FE simulation results with different material models: (a),(d) 
experimental results; (b),(e) FE simulation results with material of lead; (c),(f) FE simulation results with material of TA15 alloy. 
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Preliminary simulations show that decreasing Hsb and increasing friction both can suppress the folding defect, 
while, the deformation temperature and loading speed play little effect. Considering forming quality, the optimal 
Hsb and friction are taken in the subsequent study. Hsb is equal to L and friction factor is 0.5. The deformation 
temperature and loading speed are prescribed as 950°C and 0.1mm/s, respectively. Table 2 gives the ranges of 
characteristic parameters, which are determined referring to the common structure parameters of titanium alloy rib-
web component (Guo (2009)). The objective of this work is to predict the folding defect of transitional region with 
various structural parameters under optimal processing conditions in local loading forming of rib-web component. 
 
Table 2. Parameter values of transitional region model in the local loading forming of TA15 titanium alloy rib-web component. 
Feature parameter a01 a12 a23 a30 b1 b2 b3 Billet height (H) Reduction amount (L) 
Range (mm) 20-50 40-100 40-100 20-50 12-18 12-18 12-18 20-30 5-11 
3. Design of experiment and results 
In order to have a global exploration in the whole design space using as few samples as possible, the design of 
experiment  is conducted by the space-filling Maximin Latin hypercube designs which is proposed by Grosso et al. 
(2009) and available in the website http://www.spacefillingdesigns.nl. Grosso et al. (2009) pointed out that the 
Maximin Latin hypercube designs can make sure the sampling points are evenly spread and non-collapsing within 
the whole design space, and it is also a good and popular design strategy of experiment for constructing 
metamodels. Table 3 lists the experimental schemes and the simulation results of 51 samples designed by the 
Maximin Latin hypercube designs within the design space in Table 2. The index “0” is designated as no fold 
formation, while “1” is designated as an index of fold occurrence in FE simulations. 
 
Table 3. Simulation schemes and results of 51 samples designed by the Maximin Latin hypercube designs. 
Sample a01 (mm) 
a12 
(mm) 
a23 
(mm) 
a30 
(mm) 
b1 
(mm) 
b2 
(mm) 
b3 
(mm) 
H 
(mm) 
L 
(mm) 
Fold index 
(FEM) 
Fold index 
(ANN) 
1 20 65.2 54.4 41.6 13.44 15 12.72 27.2 5.72 0 0.00001  
2 20.6 52 90.4 44.6 16.68 15.72 14.4 21.4 8.96 1 0.99999  
3 21.2 91.6 89.2 37.4 15.96 13.56 12.6 27.4 9.2 1 1.00000  
4 21.8 82 85.6 42.2 12.48 17.64 16.2 25.8 8.84 1 0.99986  
5 22.4 73.6 68.8 26 13.8 12.96 17.76 27 9.8 1 1.00000  
6 23 89.2 41.2 33.2 16.2 14.88 15.12 21.6 10.04 1 0.99999  
7 23.6 48.4 70 26.6 16.08 16.08 17.16 23 5.36 0 -0.00003  
8 24.2 76 67.6 44 17.88 12.24 16.32 24.8 6.2 0 0.00001  
9 24.8 80.8 88 31.4 12.6 13.32 15 20.4 6.68 0 0.00001  
10 25.4 53.2 58 21.2 17.64 14.4 13.92 27.8 9.08 1 1.00000  
11 26 46 97.6 24.8 12.96 15.36 13.68 26.8 8.72 1 1.00000  
12 26.6 97.6 53.2 29.6 15.72 16.32 16.44 28.6 5.84 0 -0.00003  
13 27.2 66.4 64 28.4 13.92 17.76 12 20.6 8.48 1 0.99998  
14 27.8 41.2 44.8 38.6 14.64 17.88 15.48 26.2 9.32 1 1.00000  
15 28.4 90.4 95.2 21.8 16.8 16.8 15.6 23.4 8.6 1 0.99994  
16 29 42.4 77.2 47 14.4 13.68 16.56 29.6 7.64 1 0.99998  
17 29.6 71.2 47.2 46.4 13.2 14.76 18 22.2 6.92 0 -0.00002  
18 30.2 78.4 72.4 43.4 17.76 16.2 17.4 28.2 10.28 1 1.00000  
19 30.8 60.4 65.2 45.2 12 13.92 13.56 24.2 11 1 1.00000  
20 31.4 40 55.6 34.4 15.12 12.12 14.04 21 7.52 1 0.99999  
21 32 95.2 66.4 48.8 16.32 17.52 14.16 22 6.56 0 -0.00007  
22 32.6 85.6 56.8 27.8 16.92 14.04 12.12 22.6 5.24 0 -0.00000  
23 33.2 59.2 86.8 36.8 17.16 17.28 13.2 28.8 5.96 0 0.00002  
24 33.8 88 52 30.2 14.28 16.56 13.08 29.8 10.52 1 1.00000  
25 34.4 68.8 83.2 23 14.88 12.36 14.88 29 5.12 0 0.00000  
26 35 62.8 43.6 20 12.12 15.24 15.24 25 6.8 0 0.00000  
27 35.6 64 50.8 49.4 17.52 14.52 12.36 25.6 9.44 1 0.99999  
28 36.2 49.6 76 27.2 14.16 15.84 17.04 20.2 10.64 1 1.00000  
29 36.8 44.8 80.8 42.8 12.36 17.16 14.64 22.8 5.6 0 -0.00002  
30 37.4 98.8 49.6 39.2 13.32 12 14.52 26.6 7.4 0 0.00000  
31 38 50.8 100 32 17.28 12.48 15.96 25.4 9.56 1 0.99999  
32 38.6 84.4 98.8 41 15.24 15.48 17.88 25.2 5.48 0 -0.00003  
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33 39.2 92.8 82 45.8 15.6 13.2 16.08 20.8 10.16 1 1.00000  
34 39.8 79.6 73.6 20.6 14.52 12.72 12.96 23.2 10.4 1 1.00000  
35 40.4 67.6 94 48.2 14.76 12.84 12.48 24.4 6.44 0 0.00000  
36 41 96.4 84.4 29 12.72 16.44 12.84 26 6.08 0 0.00002  
37 41.6 86.8 96.4 38 13.08 13.8 15.72 30 9.92 1 1.00000  
38 42.2 83.2 60.4 22.4 16.44 13.08 17.64 21.8 7.04 0 0.00001  
39 42.8 54.4 40 36.2 16.56 14.28 15.84 27.6 5 0 0.00001  
40 43.4 58 78.4 24.2 15 17.04 17.52 29.4 8.12 1 0.99988  
41 44 100 61.6 30.8 12.84 16.68 17.28 23.8 9.68 1 0.99968  
42 44.6 72.4 46 25.4 17.4 18 14.76 23.6 8.36 1 1.00000  
43 45.2 70 92.8 39.8 15.36 17.4 13.32 24.6 10.76 1 0.99998  
44 45.8 77.2 59.2 50 13.56 16.92 15.36 29.2 7.16 0 0.00001  
45 46.4 61.6 42.4 35.6 15.48 13.44 16.68 26.4 10.88 1 1.00000  
46 47 47.2 71.2 47.6 17.04 15.96 16.8 22.4 7.88 1 1.00000  
47 47.6 55.6 91.6 23.6 15.84 15.6 13.8 21.2 6.32 0 0.00005  
48 48.2 43.6 62.8 32.6 14.04 14.64 12.24 28.4 8.24 1 1.00000  
49 48.8 94 74.8 33.8 18 14.16 14.28 28 8 0 0.00011  
50 49.4 56.8 79.6 35 12.24 12.6 16.92 24 7.28 0 0.00001  
51 50 74.8 48.4 40.4 13.68 15.12 13.44 20 7.76 0 0.00002  
4. Back-propagation neural network model for folding defect prediction 
Neural network models have the capability to approximate arbitrary continuous and bounded non-linear 
functions with extensive applicability and high accuracy. A detailed introduction of the methodology of artificial 
neural network model can be found at the reference (Sun et al. 2010). In present work, a four-layer back-
propagation neural network model was employed. The input parameters are the nine feature parameters in Table 2, 
and the output is the fold index in Table 3. Before training, the input variables were normalized within the range 
from 0 to 1 in order to obtain a usable form for the network to read. The training results agree well with the FE 
simulation results, as listed in Table 3. 
The prediction of folding defect in transitional region through the above back-propagation neural network model 
is verified by 10 random samples and the two physical experiments in Section 2. 10 random samples are designed 
within the design space in Table 2 by general Latin hypercube designs through Matlab software. Table 4 shows the 
comparisons among results obtained by FE simulation, back-propagation neural network model, and experiment 
under various geometrical conditions and reduction amounts. If the encode value predicted from the back-
propagation neural network model is ˚ 0.85, the fold index may be regarded as 1. While this value is ˘ 0.15, the 
fold index may be regarded as 0. It can be observed that the predicted results by back-propagation neural network 
model agree well with the FE simulation and experimental results. So, it can be concluded that the developed back-
propagation neural network model based on the FE simulation and space-filling Maximin Latin hypercube designs 
have a reasonable accuracy for predicting the folding defect of transitional region during the local loading forming 
of titanium rib-web component. 
 
Table 4. Comparisons among the results obtained by FE simulation, back-propagation neural network model, and experiment. 
Sample a01 (mm)
a12 
(mm)
a23 
(mm)
a30 
(mm)
b1 
(mm)
b2 
(mm)
b3 
(mm)
H 
(mm)
L 
(mm)
Fold index 
(FEM) 
Fold index 
(ANN) Experiment 
1 34.85 40.347 69.029 43.465 13.077 17.75 13.725 28.839 5.3651 0 -0.00381 ˉ 
2 35.693 90.117 40.118 34.699 17.374 16.454 16.383 22.213 7.4095 0 0.88542 ˉ 
3 45.821 77.633 56.088 24.49 12.314 13.518 17.663 24.683 6.8098 0 -0.00032 ˉ 
4 21.458 52.059 78.277 39.935 14.328 12.8 15.009 21.629 6.314 0 -0.0036 ˉ 
5 31.674 64.833 62.991 31.454 15.704 14.66 17.261 27.134 5.9522 0 -0.01006 ˉ 
6 25.286 83.217 97.017 48.981 14.988 15.136 13.183 23.207 9.8345 1 1.0044 ˉ 
7 48.369 95.192 50.257 45.026 16.363 17.148 14.994 25.607 10.621 1 1.0265 ˉ 
8 41.056 49.623 72.573 35.869 15.151 14.256 16.073 20.63 8.3789 1 0.94773 ˉ 
9 28.464 74.879 89.828 43.465 13.725 12.309 12.249 29.37 9.0306 1 0.99437 ˉ 
10 39.334 59.193 83.138 27.602 17.842 15.984 14.099 26.575 9.6156 1 0.99935 ˉ 
Experiment 1 25 60 60 25 14 14 14 30 6 0 0.003792 No folding 
Experiment 2 25 60 60 25 14 14 14 30 9 1 0.99585 Folding 
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5. Conclusion 
The FE simulation in conjunction with space-filling Maximin Latin hypercube designs and back-propagation 
neural network for predicting the folding defect in transitional region under various geometrical conditions and 
reduction amounts during local loading forming of titanium alloy large-scale rib-web component was undertaken in 
this study. After training the back-propagation neural network using the simulation results obtained in uniform 
experiment schemes designed by the space-filling Maximin Latin hypercube designs, the prediction model for 
folding defect judgment in transitional region was developed. Roughly, if the predicted encode value is > 0.5, the 
possibility of folding occurrence may be considered. While this value is < 0.5, the possibility of folding occurrence 
may not be considered. Precisely, if the predicted encode value is > 0.85, the fold index may be regarded as 1. 
While this value is < 0.15, the fold index may be regarded as 0. The predicted results are quite consistent with the 
results obtained from FE simulation and experiment. The prediction model established can be referred to as a good 
guidance for the product and process design in avoiding the folding defect during local loading forming of large-
scale rib-web components. Besides, the developed methodology can also be extended to investigate the other types 
of defects that may occur in different forming processes. 
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